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Transcriptome analysis of Medicago truncatula nodules has led to the discovery of a gene family named NCR (nodule-specific
cysteine rich) with more than 300 members. The encoded polypeptides were short (60–90 amino acids), carried a conserved
signal peptide, and, except for a conserved cysteine motif, displayed otherwise extensive sequence divergence. Family
members were found in pea (Pisum sativum), broad bean (Vicia faba), white clover (Trifolium repens), and Galega orientalis but
not in other plants, including other legumes, suggesting that the family might be specific for galegoid legumes forming
indeterminate nodules. Gene expression of all family members was restricted to nodules except for two, also expressed in
mycorrhizal roots. NCR genes exhibited distinct temporal and spatial expression patterns in nodules and, thus, were coupled
to different stages of development. The signal peptide targeted the polypeptides in the secretory pathway, as shown by
green fluorescent protein fusions expressed in onion (Allium cepa) epidermal cells. Coregulation of certain NCR genes with
genes coding for a potentially secreted calmodulin-like protein and for a signal peptide peptidase suggests a concerted action
in nodule development. Potential functions of the NCR polypeptides in cell-to-cell signaling and creation of a defense system
are discussed.

Plants have evolved symbiotic associations with
soil microorganisms to facilitate their mineral nutri-
tion. An example is the specific interaction of differ-
ent species of the Leguminosae (legumes) with the
nitrogen-fixing soil bacteria from the Rhizobiaceae
family (rhizobia). This symbiosis leads to the de novo
formation of a root organ, the nodule, hosting nitro-
gen-fixing rhizobia that feed the host plant with am-
monium. Another example is the widespread associ-
ation of plants with fungi from the order of Glomales
leading to the formation of arbuscular endomycor-
rhiza that extends the plant root system and facilitates
nutrient uptake. The initial stages of rhizobial and
mycorrhizal interactions share certain common molec-
ular mechanisms (Albrecht et al., 1999; Kistner and
Parniske, 2002). Because mycorrhizas are more com-
mon and ancient, the rhizobial symbiosis might have
acquired existing mechanisms from them.

Two major types of legume nodules are distin-
guished (Crespi and Gálvez, 2000): the indeterminate
type, formed by e.g. Medicago truncatula, pea (Pisum
sativum), broad bean (Vicia faba), white clover (Trifo-
lium repens), or Galega orientalis, and the determinate
type, formed by e.g. Lotus japonicus or soybean (Gly-
cine max). Indeterminate nodules have a complex
structure composed of different central tissues sur-
rounded by a cortex (Vasse et al., 1990). The persis-
tent apical meristem is zone I. In zone II, post-
meristematic cells gradually differentiate and
become infected with rhizobia, encapsulated in a
membrane envelope. Interzone II–III is characterized
by amyloplast accumulation and major transcrip-
tional changes in both plant and bacterial cells. The
proximal zone III is composed of plant cells filled
with thousands of nitrogen-fixing rhizobia (bacte-
roids). In the determinate nodules, cell division oc-
curs only at the early stage of development, and
nodules reach their final size by cell elongation. The
central tissue of determinate nodules is uniform and
contains nitrogen-fixing cells.

To identify genes involved in nodule formation
(nodulin genes), various methods have been used
such as differential screening, substractive hybridiza-
tion, differential display, etc. (Crespi and Gálvez,
2000). Using reverse genetics, the function of few
genes and their products were studied (Crespi and
Gálvez, 2000). Genetic approaches have led to the
identification of numerous mutants affected in nod-
ule development, and recently, certain of the corre-
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sponding genes were cloned (Schauser et al., 1999;
Endre et al., 2002; Stracke et al., 2002).

Technological innovations, such as high-throughput
sequencing of expressed sequence tags (ESTs) and
DNA arrays, provide new tools for understanding
biological processes from a more global viewpoint.
Previously, we described the first collection of M.
truncatula nodule ESTs (Györgyey et al., 2000). At
present, 164,441 EST entries originating from 31 cDNA
libraries are publicly available in The Institute for
Genomic Research (TIGR) M. truncatula gene index
(MtGI Release 5.0). The ESTs corresponding to tran-
scripts of the same gene are clustered in tentative
consensus (TC) sequences producing a set of unique
virtual transcripts made of TCs and singletons (only
one available EST; Quackenbush et al., 2001). More-
over, the relative abundance of ESTs composing a TC
(or singleton) in the different libraries serves as an
“electronic northern” for the expression pattern of the
genes. Thus, the MtGI can be used to identify nodule-
specific genes (Quackenbush et al., 2001).

Here, we describe the discovery of an extremely
large gene family from M. truncatula that, with ex-
ception of the galegoid group of legumes, is absent in
other organisms. The encoded polypeptides are char-
acterized by their small size, the conserved Cys mo-
tifs, and are probably secreted. All genes of this
family exhibited nodule-specific expression, how-
ever, with differences in their spatial and temporal
expression profiles. Moreover, they were coregulated
with calmodulin (CaM)-like and signal peptide pep-
tidase (SPP) genes. Possible functions of the encoded
polypeptides in the nodule formation and function-
ing are discussed.

RESULTS

A Large Gene Family in M. truncatula

Previously, we identified 42 M. truncatula cDNAs
that were induced during nodule development and
had no homology to known sequences (Györgyey et
al., 2000). Analysis of the putative encoded proteins
revealed that 19 of the 42 had similar features and
could be classified in the same family based on their
small size (about 70 amino acids), the presence of a
conserved signal peptide, and conservation of Cys
residues at the C-terminal domain (see also below).
Due to their expression in the nodule and their Cys
content, we named the family NCR (nodule-specific
Cys rich). Because the 19 genes derived from a small
set of ESTs, it was possible that larger collections may
contain additional members of this family. A screen
of the TIGR MtGI with successive rounds of BLASTn
and TBLASTn searches revealed 311 distinct TCs or
singletons belonging to the NCR family. Using a
similar approach, part of these TCs was found also by
Fedorova et al. (2002). A complete list of the M.
truncatula NCR family members with their accession
number, nucleotide, and predicted polypeptide se-

quences is provided in the supplemental data set (see
www.plantphysiol.org).

Genomic Southern blot, using the NCR001 cDNA
as a hybridization probe at low stringency, displayed
multiple bands as expected for a multigene family
(Fig. 1A). A similarly complex hybridization pattern
was obtained with genomic DNA of the tetraploid,
cultivated alfalfa, indicating that a comparable large
NCR family exists also in this species (Fig. 1A).

The alignment of the predicted polypeptide se-
quences (see supplemental data at www.plantphysiol.
org; Fig. 1B) revealed relatively low homologies
ranging from 70% to 20% identity at the amino acid
level and from 90% to no significant homology at the
nucleotide level. Despite the low overall homologies,
all members displayed the conserved features of the
NCR family. All genes coded for small mRNAs of
about 400 to 700 nucleotides and polypeptides of 60
to 70 amino acids, except for a few that were some-
what longer (up to 141 amino acids). All carried a
hydrophobic amino-terminal domain of 20 to 29
amino acids, predicted with high probabilities by the
SignalP program to behave as a signal peptide (Fig.
1B). For most of them, a cleavage site for removal of
the signal peptide was predicted. The sequence of the
signal peptide domain was relatively well conserved,
even in the most distantly related members of the
family (Fig. 1B). In contrast, the remaining part of the
polypeptides was highly divergent with the excep-
tion of conserved Cys with constant spacing between
them (Figs. 1B and 2C). The NCR family could be
divided in two major groups (groups A and B in Fig.
1B): The first one contained four Cys (C1 and C2,
spaced by five amino acids, and C4 and C5, spaced
by four amino acids), whereas the second one had
two additional conserved Cys (C3 between C2 and
C4 with variable spacing and C6, spaced with one
amino acid to C5). In addition, hydrophobic residues,
spaced one amino acid N terminal to C1, an Asp and
a Pro surrounding C2, a basic amino acid (Arg or
Lys) preceding and a hydrophobic amino acid after
C4, and one or several Pro between C2 (or C3) and C4
were relatively well conserved (see Fig. 1B). In 17 of
the 311 polypeptides, the common four-amino acid
spacing between C4 and C5 varied. In 13 of the 311
polypeptides, not all of the four Cys residues
were found (see supplemental data set at www.
plantphysiol.org); however, it should be noted that
some of these variations might be due to errors in
single-pass sequences of ESTs.

The NCR Family Is Conserved in the Galegoid
Group of Legumes and Absent in Other Plants

BLAST searches in the National Center for Biotech-
nology Information database with several NCR
polypeptides led to the identification of sequences
that could be grouped in the NCR family. Eight
polypeptides derived from pea (Scheres et al., 1990;
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Figure 1. The NCR multigene family of Medicago. A, Southern hybridization of genomic DNA digested with EcoRI (E) or
HindIII (H) from M. truncatula and alfalfa (Medicago sativa) with the NCR001 probe revealing multiple hybridizing bands.
MtR108, M. truncatula line R108; MtJ5, M. truncatula line Jemalong J5; MsA2, alfalfa subsp. varia line A2. The HindIII
digestion was partial. B, Alignment of the 42 most abundantly expressed NCRs (minimum 10 EST hits) forming group A with
four and group B with six Cys residues. Identical residues conserved in at least 60% of the sequences are in black, whereas
the similar amino acids are in gray background. The signal peptides are underlined. In the consensus sequence, “h” stands
for a hydrophobic residue (I, L, V, or M), and “b” stands for a basic residue (R or K). The conserved Cys are numbered as
described in the text.
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Kardailsky et al., 1993; Kato et al., 2002), five from
broad bean (Frühling et al., 2000), one from white
clover, and one from G. orientalis contained the con-
served signal peptide region and the Cys motifs (Fig.
2A). Pea and broad bean apparently also possess
multiple members of the NCR family, and a global
transcriptome approach would probably identify a
similarly high complexity of the NCR family; how-
ever, so far no EST databases are available for these
plants. In the TIGR EST databases containing 14 plant
species including Arabidopsis, soybean, and L. ja-
ponicus, no more NCR polypeptides were found.

Certain known proteins both inside and outside the
plant kingdom displayed structural resemblance to

the NCR polypeptides, although at the primary se-
quence level the homology was very weak or absent
(Fig. 2B). They were pollen determinants of self-
incompatibility (SCR), pollen coat proteins (PCPs;
Schopfer et al., 1999; Vanoosthuyse et al., 2001),
defensin and �-thionin antimicrobial peptides (Broe-
kaert et al., 1995; Zasloff, 2002), Ser proteinase inhib-
itors (Laskowski and Kato, 1980), scorpion neurotox-
ins (Bontems et al., 1991; Froy and Gurevitz, 1998),
and the fungal avirulence proteins Avr2, Avr4, and
Avr9 (van Kan et al., 1991). The resemblance to NCRs
was based on the small size (60–100 amino acids), the
presence of a signal peptide, and conserved Cys mo-
tifs. By comparison of the Cys clusters in these

Figure 2. NCR homologs and similar polypeptides in other species. A, NCR homologs in the galegoid group of legumes. The
signal peptides and the conserved residues are indicated as in Figure 1. Mt, M. truncatula; Ps, pea; Vf, broad bean; Go, G.
orientalis; Tr, white clover. B, Proteins with similar structure to NCRs. Sequences indicated with asterisks were found in
BLAST searches with NCR polypeptides as query. Accession numbers are indicated. The conserved Cys are shaded. SP,
Signal. A, Self-incompatibility (SCR) proteins; B, NCR proteins; C, pollen coat proteins (PCPs), defensin proteins, �-thionin
proteins, and p322 proteins (the latter are incorrectly designated in databases as proteinase inhibitors); D, scorpion (Buthus
martensii and Thyus serrulatus) neurotoxins; E, avirulence protein Avr9. Ser proteinase inhibitors were omitted from this
alignment because of their large diversity (Laskowski and Kato, 1980). Br, Brassica rapa; Bo, Brassica oleracea; Mt, M.
truncatula; Bm, Buthus martensii; Ts, Tityus serrulatus; Ps, pea; Ms, alfalfa; Gm, soybean; Lj, L. japonicus; St, Solanum
tuberosum; Cv, Cladosporium fulvum. C, Cys motifs conserved in SCR-like, defensin-like, NCR-like, and neurotoxin
polypeptides. Conserved Cys are in black shading, and conserved spacings are in gray shading.
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polypeptides, one can discern motifs that show some
common features but also classify them in different
families (Fig. 2C).

For 37 NCR genes, we identified ESTs that carried
an unspliced intron at a conserved position between
the first and second nucleotide of a codon preceding
the first Cys codon with a few triplets (see supple-
mental data at www.plantphysiol.org). Therefore,
the first exon corresponded roughly to the signal
peptide, whereas the second one corresponded to the
mature part of the polypeptide. This intron position
was also conserved in the pea and broad bean NCR
homologous genes (Kardailsky et al., 1993; Frühling
et al., 2000), but more strikingly, a similar organiza-
tion was found in the plant defensin, SCR and PCP
genes, and even in the scorpion toxin genes (Froy and
Gurevitz, 1998; Vanoosthuyse et al., 2001; compari-
son of genomic and cDNA sequences for the Arabi-
dopsis defensins AMP1 [accession nos. AC025808
and AY114038], AFP4 [accession nos. AB017065 and
AY063779], and AFP4 like [accession nos. AB017065
and NM_123810]).

The Predicted Signal Peptide Targets the NCR
Proteins in the Secretory Pathway

To test whether the predicted signal peptides target
the NCR polypeptides in the secretory pathway,
green fluorescent protein (GFP) fusions were made
and transformed transiently in onion (Allium cepa)
epidermal cells. Four different constructs were ex-
pressed from the constitutive cauliflower mosaic vi-
rus 35S promoter: a control expressing mGFP5, two
constructs where the 3� end of the full-length NCR001
or NCR084 open reading frames was fused in frame
to mGFP5, and a fourth one carrying a NCR084 signal
peptide-mGFP5 fusion. As described by Scott et al.
(1999), cells transformed with the control displayed
GFP localization in the cytoplasm, in transvacuolar
strands, and in the nucleus but not in the vacuole
(Fig. 3, A–C). Location of the GFP signal with the
three other constructs was similar to each other and
distinct of the control. The NCR fusions targeted GFP

to the cortical ER (Fig. 3D) and to the ER surrounding
the nucleus, but the nucleus was devoid of signal
(Fig. 3F), indicating that the signal peptide is func-
tional and directs the protein to the secretory path-
way. Also in the case of the NCR-GFP fusions, the
vacuoles were devoid of signal (Fig. 3E). To deter-
mine whether GFP was excreted and localized in the
cell wall, transformed cells were plasmolyzed sepa-
rating the cytoplasm from the cell wall, but no clear
cell wall-associated GFP signal was detected. Possi-
bly, this is due to a lack in sensitivity because detec-
tion of GFP in cell walls is problematic (Scott et al.,
1999), and the NCR-GFP fusions resulted in rela-
tively weak fluorescence. However, the onion epider-
mal cell is a heterologous system that may lack func-
tions present in nodule cells for proper expression
and localization of the NCR polypeptides. Thus, the
final destination of the NCR polypeptides has still to
be determined.

The NCR Genes Are Nodule Specific But Have Diverse
Expression Profiles during Organogenesis

Macroarrays of M. truncatula ESTs (Favery et al.,
2002) carrying 14 distinct members of the NCR family
were hybridized with cDNA prepared from roots
and nodules at different developmental stages, from
spontaneous nodules formed on alfalfa cv Sitel in the
absence of a nitrogen source and rhizobia and from
developmentally arrested nodules, induced by differ-
ent nodulation mutants of Sinorhizobium meliloti (the
symbiont of M. truncatula) or formed on mutant
plants (see “Materials and Methods”). The results of
the hybridization data are presented in a heat map
obtained by hierarchical cluster analysis (Fig. 4A).
The data are shown for the 14 NCR genes, a CaM-like
gene, an SPP gene, and selected nodule-specific
genes (enod2, enod40, enod20, nodulin26, and leghemo-
globin genes). Expression of all the 14 NCR genes was
nodule specific, exhibiting high expression in nod-
ules and no expression in roots, except NCR009,
NCR108, and NCR113 showing weak expression in
root tips. None of the NCR genes were expressed in

Figure 3. Subcellular localization of GFP fusion proteins in onion epidermal cells. A to C, Confocal sections of the GFP
control. D to F, Confocal sections of the NCR084-GFP fusion. Sections were through the cortex (A and D), the vacuole (B
and E), and the nucleus (C and F). TVS, Trans-vacuolar strands, containing cytosol and endoplasmic reticulum (ER); V,
vacuole; N, nucleus.
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the bacterium-free, spontaneous nodules, except
NCR108. The different NCR genes could be further
distinguished by subtle differences in their expres-

sion patterns in nodules. NCR053, NCR084, NCR094,
and NCR096 were induced already at 7 dpi, whereas
expression of the others was detected later (13 dpi).

Figure 4. Expression profiles of NCR genes in M. truncatula. A, Heat map of macroarray hybridizations. NCR (in blue),
nodulin (in black), and CaM-like and signal peptide peptidase (SPP; in green) genes are presented in the rows and
hybridization experiments in the columns indicating the plant line, the bacterial strain, and the age of the nodules between
brackets, if different from 3 weeks after inoculation. Black corresponds to mean level of transcript accumulation, whereas
different intensities from black to red or to green indicate increasing or decreasing expression levels. B, Expression analysis
by reverse transcriptase (RT)-PCR for the constitutive gene Mtc27, a CaM-like gene (TC51594), the nodule-expressed SPP
genes (amplified by common primers), and the NCR genes 001, 099, 084, 053, 094, and 007. Lanes are amplifications of
cDNA from: 1, roots; 2, roots treated with Nod factor; 3, Sm41-induced nodule primordia 7 d postinoculation (dpi); 4,
nodules at 13 dpi; 5, nodules at 20 dpi; 6, nodules at 29 dpi; 7, cotyledons; 8, hypocotyls; 9, petioles; 10, stems; 11, apical
meristems; 12, young leaves; 13, mature leaves; 14, closed flowers; 15, open flowers; 16, water control. C, Heat map of in
silico expression. Red shading means relative fraction of ESTs found in the different libraries, and the histogram indicates the
total number of ESTs for each NCR gene. The libraries and genes are ordered according to the nodule developmental stage
from which they were prepared or in which they were expressed, respectively. Blue, Very early; light blue, early; green,
medium; yellow, late; and red, very late. The libraries were: N1, MtBB; N2, R108Mt; N3, GVN; N4, GVSN; N5, nodulated
root; M, MtBC; O, other than nodule libraries.

Mergaert et al.

166 Plant Physiol. Vol. 132, 2003



Furthermore, the NCR genes expressed differently in
nodule-like structures arrested early in development
and induced by S. meliloti mutants affected in the
production of exopolysaccharides (EPSs; exoB), lipo-
polysaccharides (LPS; lpsB), and the bacA mutant (no
bacteroid development). In the bacA nodules only,
NCR084 and NCR096 were induced. All NCR genes
were activated in the nodule-like structures formed
by the EPS and LPS mutants but at distinct attenu-
ated levels as compared with wild type. Therefore, it
can be concluded that although the tested NCR genes
are specifically induced during nodule development,
they have different patterns of expression during this
process.

To confirm the expression patterns, RT-PCR assays
were carried out. Specific PCR primer sets for
NCR001, NCR007, NCR053, NCR084, NCR094, and
NCR099 were used in amplifications of cDNA from
nodules at different developmental stages and from
other organs (Fig. 4B). These experiments confirmed
nodule-induced expression of the tested NCR genes
and that NCR084, NCR053, NCR094, and NCR007
were activated earlier (at 7 dpi) than NCR001 or
NCR099 (at 13 dpi), as was observed in the macroar-
ray experiments. The RT-PCR experiments further
demonstrated that the tested NCR genes are nodule
specific and not expressed in any other tested plant
tissues.

To obtain expression data for all the 311 NCR mem-
bers, the expression reports were downloaded (www.
tigr.org/tdb/tgi/) and converted to a table format
(see supplemental data at www.plantphysiol.org).
The data were normalized and ordered as described
in “Materials and Methods,” and a heat map was
generated to graphically display the data in an easily
interpretable format (Fig. 4C). This in silico expres-
sion data proved that each member of the NCR fam-
ily was nodule specific (all ESTs came from nodule
libraries) except for NCR122, which was expressed in
both nodules and mycorrhiza and for NCR218 ex-
pressed only in mycorrhiza. The NCR genes could be
classified according to the origin of the nodule cDNA
libraries. The TIGR MtGI contains eight different
nodule libraries prepared from different develop-
mental stages, and the ESTs coding for the NCR
family members were found in five of them (Fig. 4C).
Four libraries (N1–N4, Fig. 4C) could clearly be or-
dered according to the nodule developmental stages:
N1, nodule primordia, N2, young nodules; N3, ma-
ture nodules; and N4, senescent nodules (www.tigr.
org/tdb/tgi/). N5 was made of pooled materials of
mixed developmental stages. Ordering the NCR
members according to the libraries (Fig. 4C) resulted
in five NCR clusters: a very early (blue), an early
(light blue), a medium (green), a late (yellow), and a
very late (red) cluster. Although one should take care
of the significance of such a classification for individ-
ual NCR members, at least it demonstrates that NCR
genes may be expressed at different time points in

the nodule development. Expression levels of the
different NCRs ranged from one EST (106 singletons)
to 113 ESTs for NCR001 corresponding to very high
expression comparable with that of the leghemoglo-
bin Lb1 gene with 263 EST hits. The contribution of
the NCR family to the nodule transcriptome was
extremely high, calculated to be 4.6% of the total
mRNA population (1,414 NCR ESTs in a total of
30,707 nodule ESTs) and more than 2.5-fold higher
than the contribution of all leghemoglobin genes to-
gether (558 ESTs or 1.8%; see supplemental data at
www.plantphysiol.org).

Two members of the NCR family exhibiting differ-
ent patterns in the macroarray and RT-PCR experi-
ments (the early gene NCR084 and the late NCR001)
were chosen for analysis of their spatial expression
profiles in nodules by in situ hybridization. The
leghemoglobin Lb1 was used as a control that ex-
pressed in the nitrogen-fixing zone (Fig. 5B). Tran-
scripts of NCR001 were detected in the nitrogen-
fixing zone (Fig. 5C), and their accumulation started
at the boundary of interzone II–III (where amylo-
plasts start to accumulate) and zone III (Fig. 5E). In
contrast, the expression of NCR084 was in the inter-
zone II–III but started already in the older cell layers
of zone II adjacent to interzone II–III (Fig. 5, A and D).
NCR084 transcripts were undetectable in zone III.
Thus, NCR001 and NCR084 showed different patterns
of expression, with NCR084 expressing in the younger
differentiating nodule cells, whereas NCR001 ex-
pressed in the older nitrogen-fixing cells. These results
were in good correlation with the different temporal
expression patterns of these two genes.

In conclusion, the expression patterns of the NCR
genes as determined by macroarrays, RT-PCR, in
silico expression, and in situ hybridization revealed
that all NCR genes were involved in nodulation,
likely acting at different developmental stages and in
different tissues and nodule cell types.

Genes Coregulated with the NCR Genes

Transcriptome approaches for assigning functions
to unknown genes rely on the assumption that genes
coregulated under a range of conditions are involved
in similar functions or in the same pathway (Young,
2000). In the macroarray experiments, we identified
two novel genes that were coregulated with the NCR
genes (Fig. 4A). One of them encoded a CaM-like
protein, also recently described by Fedorova et al.
(2002). The other encoded an SPP (Fig. 6). As shown
by RT-PCR, the CaM-like gene and the NCRs were
exclusively expressed during nodule development
(Fig. 4B). The SPP gene showed a basal expression in
roots and was strongly induced during nodule de-
velopment (Fig. 4B). In silico analysis of these
nodule-enhanced CaM-like and SPP genes in the
TIGR MtGI confirmed their nodule-specific expres-
sion. In the case of the CaM-like gene, corresponding
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to TC51594, all the 16 ESTs derived from nodules.
Moreover, six additional nodule-specific homologs of
the CaM-like gene were identified (Fedorova et al.,
2002). The SPP gene (TC44385 represented by six
nodule ESTs of seven) was also part of a small gene
family composed of three TCs including, another
nodule-specific SPP gene, TC44387 (six nodule ESTs
of seven) and a ubiquitous SPP gene, TC52930.
TC44385 and TC44387 are identical in sequence ex-
cept for an insertion in TC44385 (Fig. 6). Thus, these
TCs could correspond to distinct genes or to alterna-
tively spliced transcripts of the same gene. RT-PCR
analysis distinguishing the two transcripts showed
that TC44385, containing the insertion, was nodule
specific (absent in roots), whereas the shorter tran-
scripts (TC44387) were detectable also in roots, albeit
their levels increased significantly during nodule de-
velopment (data not shown).

CaMs are cytosolic Ca2�-binding proteins involved
in Ca2� signaling (Zielinski, 1998). The CaM se-
quences and structures are highly conserved in all
eukaryotes. The nodule-specific CaM-like proteins
displayed some surprising and atypical features (Fe-
dorova et al., 2002). They have an N-terminal exten-
sion that is absent in CaM. Although there is no
experimental evidence for translation initiation at the
first Met, the presence of a signal peptide sequence
predicted by SignalP and its homology to the signal
peptide of known nodulins suggest that the nodule-
specific CaM-like proteins are secreted. Therefore,

they are not only coregulated with NCRs, but they
could also be colocalized. Like the NCRs, this type of
CaM-like proteins was only found in the M. trunca-
tula EST database, and we could not identify putative
orthologs in EST databases of other plants, including
other legumes.

SPP is a presenilin-type aspartic protease that cat-
alyzes intramembrane cleavage of certain signal pep-
tides (Weihofen et al., 2002). The M. truncatula SPP
homologs identified here are highly homologous to
the human SPP and contain all the conserved motifs,
including the two aspartic acids in the protease active
site (Fig. 6). Because the two SPP genes were coregu-
lated with the NCR family, it is possible that the
signal peptides of the NCR polypeptides are further
cleaved by these nodule-induced SPPs, probably pro-
ducing a conserved abundant oligopeptide in the
nodule cells.

DISCUSSION

Large Gene Families

Here, we identified the extremely large, nodule-
specific NCR family composed of more than 300
genes that might violate the common view on “one
(or few genes) for one biological function.” Although
the NCR polypeptides are highly divergent, they
clearly belong to the same class because: (a) All
polypeptides have a relatively well conserved signal

Figure 5. Localization of NCR001 and NCR084
transcripts in M. truncatula nodules. A and D,
Hybridization of M. truncatula nodule sections
with the NCR084 antisense probe. B, Hybridiza-
tion of the antisense leghemoglobin Lb1 probe.
C and E, Hybridization of the antisense NCR001
probe. Hybridization signals are observed as
black dots. The different nodule zones in the
sections are indicated with arrows. The red ar-
rows point to amyloplasts in D and E. Bars �
200 �M.
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peptide; (b) all of them are very small; (c) their Cys
motif has unique and characteristic signatures; (d) an
intron is present at conserved position; and (e) they
are all nodule-specific; therefore, they are most likely
functionally related.

What can be the biological meaning of this large
gene family with high diversity? Several examples of
large multigene families are described. In humans,
the repertoire of olfactory receptors consists of about
a thousand different genes, encoding highly variable
seven-transmembrane receptors providing the capac-
ity to discriminate a large number of scents (Buck
and Axel, 1991). Other examples are the defensins
(Schutte et al., 2002) and immunoglobulins (Cook
and Tomlinson, 1995) and in plants, the receptor-like
kinase genes involved in different plant signaling
processes (Shiu and Bleecker, 2001), resistance genes
conferring resistance to pathogen challenges by rec-
ognizing elicitors (Bergelson et al., 2001), and the
SCR- and PCP-like families (Vanoosthuyse et al.,
2001). A common feature of these multigene families
is their involvement in recognition events, and it is
not unlikely that NCR polypeptides might do so as
well.

In numerous NCR genes, we identified an intron at
a conserved position. Similar exon-intron organiza-
tion was found in the SCR and PCP genes in Brassica
spp. and the SCR-like, PCP-like, and defensin genes
in Arabidopsis (Doughty et al., 1998; Schopfer et al.,
1999; Vanoosthuyse et al., 2001; P. Mergaert, unpub-
lished data). All these genes encoded similarly small
proteins that were also rich in Cys. Thus, it is possible
that these different gene families have a common or-

igin. However, the sequence divergence among them
is too high to assign a role for the NCR polypeptides.

Subcellular Localization of the NCR Polypeptides

Although the present results do not provide a def-
inite answer, all the current arguments point toward
an extracellular localization of the NCR polypep-
tides. SignalP identified the presence of a typical
signal peptide that, as we confirmed experimentally
for two family members, targets the NCR polypep-
tides to the secretory pathway. Proteins entering the
secretory pathway can have any of the four possible
final destinations in the nodule cells: the ER, the
vacuole, the symbiosome, or the extracellular space
(Verma and Hong, 1996; Neuhaus and Rogers, 1998).
The first three destinations require, in addition to the
signal peptide, the presence of specific address tags
on the protein. In the absence of such tag, the protein
follows the default pathway and is targeted to the
extracellular space. In the NCR polypeptides, no spe-
cific address tags were present, nor were clear con-
served peptide motifs that could serve as address
tags for these polypeptides. This suggests that the
NCR polypeptides follow the default pathway and,
thus, are destined outside the cell, similar to the
related SCR, defensins, Avr proteins, scorpion toxins,
and proteinase inhibitors.

An Additional Role for the Signal Peptides?

Signal peptides are generally thought of as simple
address tags directing proteins to the ER that after

Figure 6. Alignment of SPPs. Underlined accession numbers correspond to the nodule specific TCs. The sequence of
TC44385 is partial at the N terminus and that of TC44387 and TC52930 at the C terminus. The most conserved residues in
the SPP family (Weihofen et al., 2002) are indicated with an asterisk, and the two aspartic acids of the active site are marked
with an underlined asterisk. ER retention signals are boxed. Conserved residues are indicated as in Figure 1. Mt, M.
truncatula; At, Arabidopsis; Hs, human (Homo sapiens).
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their cleavage end up in the garbage can of the cells.
Despite a common structure, a hydrophobic domain
flanked with polar regions, signal peptides display
high sequence variations. Thus, it is puzzling as to
why the signal peptides in the NCR family were so
highly conserved. Could they play an additional
role? Recent findings demonstrated that certain sig-
nal peptide fragments, generated by SPP, might have
regulatory roles e.g. by binding to MHC class I mol-
ecules or to CaM (Martoglio and Dobberstein, 1998).
During nodule formation, M. truncatula homologs of
SPP were coregulated with the NCR genes. Thus, a
very attractive hypothesis would be that the highly
conserved NCR signal peptides are further processed
by the nodule-specific SPP. Resulting oligopeptides
could have an independent and most likely unique
signaling function in the different nodule cell types.

Biological Role of the NCR Gene Family

The expression of the NCR gene family was re-
stricted to developing and mature nodules, except for
two members that were also expressed during my-
corrhization, suggesting that their functions are re-
lated to symbiosis and principally to nodulation. The
specific temporal and spatial expression profiles of
the tested NCR genes may indicate that they have
distinct roles or specializations in different nodule
developmental zones and explain, at least partly,
why the family is so large. The NCR transcripts are
extremely abundant in nodules indicating that the
encoded proteins are needed in high quantities.
Thus, another reason for the amplification of the NCR
family in the genome might be a gene dosage effect
assuring a high expression level. The extraordinarily
high expression level indicates that the family might
have an extremely important role in nodule develop-
ment or functioning.

Members of the NCR gene family have been found
in the legumes belonging to the galegoid group (Fig.
7) where the expression was also nodule specific. No
NCR members were found in nonlegumes and, more
surprisingly, in the legumes L. japonicus or soybean.
Thus, the NCR family might be specific for the gale-
goid group of legumes, and other legumes might
have evolved different strategies for the function(s)
accomplished by the NCR family. Alternatively, the
role of the NCR family might be linked to the forma-
tion of indeterminate nodules by legumes of the gale-
goid group, whereas L. japonicus and soybean de-
velop determinate nodules (Fig. 7). It will be of
interest to analyze nodule EST libraries of other le-
gumes forming determinate or indeterminate nod-
ules (e.g. bean [determinate], Lupinus albus [indeter-
minate], or Sesbania rostrata capable to form both type
of nodules depending on the physiological condi-
tions; Fernández-López et al., 1998).

Because two members of the gene family were
expressed in endomycorrhiza, one could speculate

that an ancient NCR gene involved in the endomy-
corrhizal symbiosis has been recruited and then du-
plicated multiple times by the progenitor of galegoid
legumes for the nitrogen-fixing symbiosis. Enod40,
Enod12, or Nod26 are other nodulin genes that may
have a similar evolutionary history (Albrecht et al.,
1999). Moreover, a large number of plant mutants are
affected in both types of endosymbiosis (Albrecht et
al., 1999; Kistner and Parniske, 2002). Thus, there
exists a large overlap between the mechanisms lead-
ing to these symbioses.

Biochemical Role of NCR Polypeptides

Members of the NCR family were first described in
pea (Scheres et al., 1990; Kardailsky et al., 1993) and
the authors, based on the presence of the Cys resi-
dues, suggested a role for these proteins in metal
binding and transport, providing the bacteroids with
the necessary metals for nitrogenase functioning.
However, no evidence has ever been provided for
such a function. Metal-binding proteins or peptides

Figure 7. Phylogeny of Leguminosae based on the rbcL sequence.
The tree is adopted from Doyle (1998), and only the branch of the
Papilionoideae subfamily relevant to the discussion is shown. The
galegoid clade is boxed, and the genera, where NCR family members
were found, are underlined. The nodule types are symbolized by a
circle for the round-shaped determinate nodules and by an oval form
for the meristem containing elongated indeterminate nodules.
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are cytosolic and bind metals via a free thiolate (R-
S�) group (Robinson et al., 1993). However, the NCR
polypeptides are targeted into the secretory pathway.
Therefore, the Cys are probably involved in the for-
mation of disulfide bridges and unable to complex
metals. All of the proteins that exhibit structural
resemblance to NCRs have a globular structure con-
solidated by one to four disulfide bonds (Laskowski
and Kato, 1980; Broekaert et al., 1995; Froy and Gure-
vitz, 1998). The NCR proteins might also be globular
proteins stabilized by two or three disulfide bridges.
Thus, involvement of NCRs in metal binding and
transport is rather unlikely.

The NCR polypeptides might act as antimicrobial
defensins or diffusible signaling molecules assuring
cell-to-cell communication. If NCRs were antimicro-
bial peptides, their function could be avoiding op-
portunistic infections by other soil microorganisms
during nodule formation or confining the rhizobia
inside the nodules. Their extreme sequence varia-
tions could provide a potent cocktail of antimicrobial
peptides with a broad spectrum. Alternatively, be-
cause polypeptides are an emerging type of signals in
plants (Lindsey et al., 2002), NCR polypeptides could
assure communication between plant cells or be-
tween plant cells and bacteria. Nodule formation and
growth of mature nodules involves differentiation of
plant and bacterial cells requiring a strong coordina-
tion relying on cell-to-cell signaling. The tested NCR
transcripts were localized in different cell layers and
zones. It is not unlikely that development of the
different stages of symbiotic cells could be coupled to
expression of different sets of NCRs. The NCR
polypeptides, acting as signals, could mediate con-
secutive differentiation events both in the plant cells
and in the symbiosomes. In addition, the nodule-
specific CaM-like proteins could be partners of NCR
polypeptides in these functions.

Whatever the molecular role of the NCR polypep-
tides is, the high number of genes and the molecular
diversity within them indicate that there exists in le-
gume nodules an unanticipated complexity of interac-
tions between plant cells, plant cells and rhizobia or
plant cells and other rhizosphere microorganisms.

MATERIALS AND METHODS

Sequence Analysis

BLAST searches were made at TIGR (www.tigr.org/tdb/tgi/) or at the
National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/
BLAST/). The NCR family was identified by repetitive searches at the TIGR
MtGI (Release 4.0) with BLASTn and TBLASTn, using NCR001 as the first
sequence and repeating the searches, each time with novel homologous
sequences, until no further family members were found. Singletons or TCs
containing introns were recognized by BLASTn alignments with the corre-
sponding singletons or TCs lacking the intron. Sequence alignments were
made with ClustalW at www.ebi.ac.uk/clustalw/. Signal peptides and puta-
tive cleavage sites were predicted by SignalP (www.cbs.dtu.dk/services/).

Transformation and Visualization of GFP Fusion
Proteins in Onion (Allium cepa) Epidermal Cells

PCR fragments, corresponding to the full-length open reading frames of
NCR001 and NCR084 and to the signal peptide part of NCR084, were cloned
in the pCAMBIA1302 vector (www.cambia.org). Transformation of onion
epidermal cells was done according to Scott et al. (1999). Plasmolysis of the
onion cells was done as described by Scott et al. (1999).

Plant Lines, Sinorhizobium meliloti strains, and
Growth Conditions

Medicago truncatula lines R108 and Jemalong J5 and alfalfa (Medicago
sativa) subsp. sativa cv Sitel were inoculated with S. meliloti to obtain
wild-type (Nod�Fix�) nodules. Spontaneous nodules were obtained on
selected lines of alfalfa cv Sitel grown in nitrogen-free medium in the
absence of rhizobia. Nod�Fix� nodules were obtained from transgenic R108
plants, expressing the antisense construct of the “Krüppel”-like Mszpt2-1
gene (Frugier et al., 2000) and from the V1 somaclonal mutant forming
nodule primordia but no nodules (gift from Pascal Ratet, Institut des Sci-
ences du Végétal-Centre National de la Recherche Scientifique, Gif-sur-
Yvette, France). The wild-type S. meliloti strains were Sm41 and Sm2011
(Sm2011 forms nitrogen-fixing nodules on R108, J5, and Sitel; Sm41 forms
nitrogen-fixing nodules on R108 and Sitel but only nodule primordia on J5).
Nodule primordia developed on R108 by AK631 corresponding to Sm41exoB
lacking EPS production; Sm41lpsZ mutated for KPS production (PP699;
Putnoky et al., 1990); Sm2011lpsB, an LPS synthesis mutant (Sm6963; Nie-
haus et al., 1998); and Sm1021bacA impaired in infection and bacteroid
differentiation (Sm8368; Glazebrook et al., 1993). Fix� nodules were ob-
tained on R108 by Sm2011fixG impaired in the nitrogen fixation complex
(GMI394; Kahn et al., 1989). Bacterial and plant cultures, plant inoculation,
and nodulation were done as described at www.isv.cnrs-gif.fr/embo2/
manuels/index.html. For the kinetics of nodule development, nodules were
collected at 7, 13, 20, and 29 dpi; otherwise, nodules were harvested 3 weeks
after inoculation or nitrogen starvation. Root material was obtained from
plants grown under axenic but otherwise identical conditions as nodulated
plants.

Expression Analysis

The macroarrays, protocols for RNA extractions, labeling, hybridization
and quantification of hybridization signals were as described at www.isv.
cnrs-gif.fr/embo2/manuels/index.html. Hybridizations were repeated twice.
The data points for the genes of interest (Fig. 4A) were extracted from the
raw data of the hybridization experiments. The experiments are normalized
relative to the constitutive Mtc27 expression (Györgyey et al., 1991). Data
were treated with the Cluster and TreeView software (http://rana.lbl.gov/
EisenSoftware.htm; Eisen et al., 1998). Cluster was used to “log transform”
the data, “mean center” the genes, and for hierarchical clustering of the
genes and experiments. TreeView was used to visualize the data.

The data set for the in silico expression analysis of the NCR family was
downloaded from www.tigr.org/tdb/tgi/using the expression reports for
TCs and the EST reports for singletons. The EST counts per cDNA library
were converted to an Excel table (Microsoft, Redmond, WA; see supplemen-
tal data at www.plantphysiol.org). These counts were used as raw expres-
sion data, analogous to raw array hybridization results. The counts were
normalized for the total number of ESTs per library and for the total number
of ESTs per TC. The nodule cDNA libraries were ordered according to the
developmental stage from which they were prepared (very early, MtBB,
TIGR no. 5519; early, R108Mt, TIGR no. 2764; late, GVN, TIGR no. T1617;
and very late, GVSN, TIGR no. T10109). The library of nodulated roots
(TIGR no. 4047) and the MtBC library (TIGR no. 5520) prepared from
mycorrhizal roots were also included separately in the analysis. All other
libraries were treated together. Then, the genes were ordered according to
their distribution in the ordered libraries. The TreeView software was used
for visualization of the resulting expression patterns.
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RT-PCR experiments were done as described by Kevei et al. (2002). The
in situ hybridizations were done as described by de Almeida Engler et al.
(2001) and Kevei et al. (2002).

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third party owners of all or
parts of the material. Obtaining any permission will be the responsibility of
the requestor.
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